Abstract The triple-to-double coincidence ratio (TDCR) method of liquid scintillation counting is an absolute measurement method of radioactivity. The formulation of the TDCR method and the established TDCR liquid scintillation counter are presented in this paper. The NIST standard reference material (SRM) of tritium water was measured to verify the performance of the TDCR liquid scintillation counter.
Standardization of Tritium Water by TDCR Method

Introduction
The triple-to-double coincidence ratio (TDCR) method of liquid scintillation counting (LSC) is a kind of primary measurement method of radioactivity. LSC has several advantages, such as simple sample preparation and no self-absorb effect in measuring the radioactivity of pure β decay nuclide. The TDCR LSC utilizes 3 symmetrically arranged photomultiplier tubes (PMT) to get the triple coincidence counts and 3 double coincidence counts. In 1992, the TDCR with its counting efficiency calculated was first reported by LNHB in France [1] and LRS in Poland [2] . Subsequently, more than ten national metrology labs, such as NIST [3] , ANSTO [4] , PTB [5] , have adopted TDCR LSC as the primary standardization for pure β nuclide activity measurement. BIPM has organized several international key comparisons and recommended this method as reference for the radioactivity of pure β decay nuclide.
The TDCR LSC established newly at the National Institute of Metrology (NIM) and verified via the NIST standard reference material (SRM) of tritium water is presented.
The TDCR method
A detailed description of the TDCR method is available in Ref. [6] . Only a brief description is given here. If an electron with energy E interacts with the scintillator, the number of photons emitted from the scintillator follows a Poisson law p(EQ(E)/λ). For a threephotomultiplier counter comprising a symmetrical 120
• arrangement, the detection efficiency ε for one PMT is
where E max indicates the maximum energy of the beta spectrum, S(E) is the normalized beta energy spectrum calculated from the Fermi theory of beta decay, Q(E) is the Birk ionization quenching function for a beta particle of energy E, and the free parameters λ depends only on PMT and the optical chamber, indicating the number of electrons produced at the first dynode per keV deposited in the scintillator [7] . The Birk ionization quenching function Q(E) accounts for the non-linearity between the beta energy and scintillator light output, which is given by
where the ionization quenching parameter kB (cm/MeV) depends only on the liquid scintillation cocktail, and the specific energy loss of a beta particle in the scintillator dE/dX can be calculated using the Bethe-Bloch formula [8] . λ and kB are the only two unknown parameters in the above formulas. Once λ and kB are determined, the efficiency for triple and double coincidence could be calculated, and then the activity could be obtained. The TDCR method is able to determine them through the information of triple and double coincidence.
A schematic diagram of the TDCR LSC is shown in Fig. 1 . The counter allows observation of double (AB, BC, and CA) and triple (ABC) coincidences, and the count rates are N AB , N BC , N CA , N T , respectively. Assuming the 3-PMT free parameters are λ A , λ B , λ C , the efficiency ε T for triple coincidences and the efficiency ε XY for double coincidences (X and Y indicate A, B, C) are given by
For a specified kB value, the free parameters (λ A , λ B , λ C ) can be calculated by minimizing the following function
by using the Downhill Simplex algorithm. To check whether the specific kB is optimum, the detection efficiency needs to be varied. If the kB is optimum, the calculated activity remains the same while the efficiency changes. And if the specific kB is high, the calculated activity will increase as the efficiency decreases, or vice versa. After the kB and λ are determined, the efficiency can be calculated, and then the activity of the source could be obtained by the following function 3 The TDCR system
The TDCR system consists of three ET 9235Q PMTs, an optical chamber and electronic modules. The optical chamber has two parts. The interior part is made of polytetrafluoroethylene (PTFE) and its inside surface is coated with high reflecting ability pant to increase the efficiency of light collection. The optical chamber of the LSC accommodates a standard 20 mL liquid scintillation counting vial, and facing the vial are three PMTs at 120
• angles to each other. The dynode signals of the PMTs are amplified with fast amplifiers CEAN N978 and fed into the MAC3 coincidence module which performs the function of constant fraction discrimination, coincidence and dead time correction [9] . The MAC3 discriminating threshold is set to be below the single electron peak (SEP) and above the PMT noise. To eliminate the influence of PMT "after pulse", the extending-time is applied in MAC3, and triggering signal is the logical sum signal of 3 PMTs. The outputs for all single (A, B, C), double (AB, BC, AC), logical sum of doubles (D), and triple (ABC) coincidence counting from the MAC3 unit are connected to two BNC2121 connector blocks, which are registered by two PCI-6602 counter/timers.
The dead-time corrections are made according to the live-time clock technology. The extending dead time is 47 µs and the coincidence resolving time is set at 50 ns.
Experiment
Source preparation technique
The sample of tritium water was the NIST SRM 4927F, and the certified value was 634.7±4.8 kBq/g (1998-9-3). Four sources were prepared by adding accurately weighted aliquots to 15 mL of LS cocktail (Ultim Gold AB, Packard). Low-potassium commercial glass vials were used. The sources were left in darkness for 48 hours before counting.
Results
kB value
To determine the kB value, the counting efficiency was changed by using different optical density grey filters around the vial. Fig. 2 shows the measured activity for 3 H-NIST1, as a function of the counting efficiency for different kB values. The slope of straight lines of activity vs TDCR was obtained by the least square method. The optimum estimate of the kB value was about 0.012 cm/MeV, while the slope corresponded to zero. In other words, the measured radioactive solution activity was independent of the detection efficiency. Tables 1 and 2 .
The specify activity of 4 samples determined by the TDCR method was well consistent with each other and the mean value was 342.8±2.4 kBq/g which agrees with the certified value within the En criterion. But it seems that each measured value is a bit less than the certified value, which implies that there might exist a system deviation between the TDCR method and internal gas proportional counting (IGPC) [10] used to standardize NIST tritium water in 2000.
Conclusion
The TDCR liquid scintillation counting system based on efficiency calculation has been constructed in China for the first time. The NIST SRM of tritium water was measured to verify the performance of the TDCR liquid scintillation counter and the result was good. The counter was also used for the activity standardization of a tritium water solution within the scope of an international key comparison under the auspices of the BIPM, and our draft A report is in press [11] .
(Manuscript received 17 May 2011) (Manuscript accepted 24 July 2011) E-mail address of corresponding author YUAN Daqing: yuandq@ciae.ac.cn
